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End binding 1 (EB1) proteins are highly con-
served regulators of microtubule dynamics.
Using electron microscopy (EM) and high-
resolution surface shadowing we have studied
the microtubule-binding properties of the fis-
sion yeast EB1 homolog Mal3p. This allowed
for a direct visualization of Mal3p bound on the
surface ofmicrotubules. Mal3p particles usually
formed a single line on each microtubule along
just one of the multiple grooves that are formed
by adjacent protofilaments. We provide struc-
tural data showing that the alignment of Mal3p
molecules coincideswith themicrotubule lattice
seam as well as data suggesting that Mal3p not
only binds but also stabilizes this seam. Accord-
ingly, Mal3p stabilizes microtubules through
a specific interaction with what is potentially
the weakest part of the microtubule in a way
not previously demonstrated. Our findings fur-
ther suggest that microtubules exhibit two dis-
tinct reaction platforms on their surface that
can independently interact with target struc-
tures such as microtubule-associated proteins,
motors, kinetochores, or membranes.
INTRODUCTION
Microtubules are highly dynamic tubular structures
involved in numerous cellular tasks. Examples include
membrane vesicle transport, flagellar motion, and chro-
mosome segregation duringmitosis. They are also directly
involved in defining the cell shape and polarity (e.g., in
epithelial cells, migrating nerve cells, and in fission yeast
Schizosaccharomyces pombe during polar growth).
Microtubules are composed of an asymmetric assemblyCell 1of globular a- and b-tubulin dimers (Nogales et al., 1998)
that constitute the repetitive basis of protofilaments.
These protofilaments associate laterally into a polar struc-
ture, forming distinct plus and minus ends with different
properties regarding growth and structure (Amos and
Baker, 1979; Mandelkow and Mandelkow, 1985). Most
commonly, microtubules in vivo are composed of 13
protofilaments, while in vitro it is possible to form tubulin
polymers that contain between 9 and 16 protofilaments
(Chre´tien et al., 1996). Lateral protofilament interactions
occur in two different conformations that are called A-
lattice (where a-tubulin connects laterally to b-tubulin)
and B-lattice (with a-a and b-b contacts; Amos and
Klug, 1974). Structural investigations into microtubule-
kinesin complexes have revealed a clear dominance of
the B-lattice (Song and Mandelkow, 1993, 1995), while
A-lattice interactions typically only occur at so-called lat-
tice seams where, with certain amounts of protofilaments
in a tubule (especially 13 protofilament microtubules), the
lattice constraints require a mismatch for tube formation
(Chre´tien and Wade, 1991; Kikkawa et al., 1994; Sosa
and Milligan, 1996). Kikkawa et al. (1994) were the first
to directly visualize seams using microtubule-kinesin
complexes, and Sosa and Milligan (1996) succeeded in
reconstructing three-dimensional (3D) volumes of micro-
tubule-kinesin complexes with seams using a back-
projection approach. The microtubule lattice seam is a re-
sult of forming a tube with a heterodimeric complex and
might just be seen as a structural necessity for properly
closing a tubule. However, as demonstrated in this work,
the lattice seam may constitute a crucial feature on the
microtubule lattice for the function of the yeast end
binding protein 1 (EB1; Su et al., 1995) homolog Mal3p
(Beinhauer et al., 1997).
Microtubule cellular functions are mediated through
interaction with motor proteins and other microtubule-
associated proteins (MAPs) such as EB1. EB1 proteins
are among the most conserved regulators of eukaryotic
microtubule dynamics and usually exert a growth-promot-
ing or -stabilizing function (Su et al., 1995; Akhmanova and27, 1415–1424, December 29, 2006 ª2006 Elsevier Inc. 1415
Hoogenraad, 2005). They form a homodimeric complex
composed of two calponin homology (CH) domains
(Gimona et al., 2002; Hayashi and Ikura, 2003) that are
linked via a flexible stretch of50 residues to the a-helical
C-terminal dimerization domain involving a coiled-coil
interaction (Honnappa et al., 2005). EB1 is known to pref-
erentially interact via its CH domain with microtubule plus
ends. CH domains are conserved among a large variety
of species, and they show a wide functional variability
(Gimona et al., 2002). Between residues 55 and 102, the
CH domain of EB1 contains a highly basic area that is
predicted to form the interface to microtubules (Hayashi
and Ikura, 2003).
Like its human counterpart, the fission yeast EB1 homo-
log Mal3p is known to accumulate at growing microtubule
plus ends but also to interact with the microtubule lattice
(Busch and Brunner, 2004). The protein promotes the ini-
tiation and maintenance of microtubule growth (Busch
and Brunner, 2004), recruits the kinesin Tea2p to the mi-
crotubules, and promotes Tea2p motor activity (Browning
et al., 2003). Tea2p transports Tip1p, the fission yeast
CLIP-170 homolog (Brunner and Nurse, 2000), toward
the growing microtubule plus ends (Busch et al., 2004).
At the plus ends Mal3p is required again to dock Tea2p/
Tip1p, probably by interacting with the CAP-Gly domain
of Tip1p. Human EB1 can substitute for Mal3p function
in fission yeast cells (Beinhauer et al., 1997; Browning
et al., 2003), and Mal3p can mimic the interaction of
EB1 with adenomatous polyposis coli (APC) in vitro
even though there is no APC homolog in fission yeast
(Nakamura et al., 2001). Hence, the two proteins appear
to be functional homologs.
The dynamics and cellular distribution of EB1 in many
higher eukaryotes (Ligon et al., 2003; Mimori-Kiyosue
et al., 2000) and of Mal3p in S. pombe (Busch and
Brunner, 2004) have been investigated over the last few
years, but very little is known about the protein’s interac-
tions and functions. The limiting factor in all previous stud-
ies is the resolution of light microscopy, which is limited by
the wavelength of light. The goal of our work was to inves-
tigate the interaction of this protein with the microtubule
using a molecular-level approach. To this end, we used
electron microscopy (EM) and a unique high-resolution
metal-shadowing setup for specimen preparation (Gross
et al., 1990) to investigate a microtubule surface deco-
rated with Mal3p. Thereby we found that Mal3p interacted
with the microtubule in a remarkable way. Mal3p mole-
cules aligned within the groove that is formed between
two adjacent protofilaments; however, they did not align
in just any groove at random. Typically only one groove
at a time was filled, while the rest of the microtubule outer
and inner surfaces remained free. In a few cases we could
find areas with two adjacent lines of Mal3p-tubulin com-
plexes. On these areas the geometry of the underlying
lattice could be unambiguously identified as that of an
A-lattice. As mentioned above, A-lattice interactions are
formed predominantly at the lattice seam, while otherwise
protofilaments interact laterally with B-lattice contacts.1416 Cell 127, 1415–1424, December 29, 2006 ª2006 Elsevier IHence, these results demonstrate that the protein specif-
ically recognizes the microtubule lattice seam. Previous
studies have confirmed that the B-lattice dominates in mi-
crotubules and in microtubule sheets (e.g., Song and
Mandelkow, 1993; Kikkawa et al., 1994; Hoenger et al.,
1995). Therefore, it is fair to assume that lateral protofila-
ment contacts in A-lattices are weaker than in B-lattices,
and, therefore that Mal3p appears to stabilize selectively
the weakest part of the microtubule lattice while leaving
the rest of the surface free for other factors such as
MAPs and motors.
RESULTS
Mal3p Binds the Microtubule Lattice In Vivo
with a Low Affinity
S. pombe Mal3p, like all EB1 protein family members, is
considered to be a classical +TIP, localizing mainly to
the growing microtubule plus ends. However, on many
occasions EB1 proteins were also seen associated with
the microtubule lattice. This occurred mostly when EB1
proteins were overexpressed in vivo (Ligon et al., 2003),
but it also occurred in vitro when recombinant EB1 was
copolymerized with microtubules (Ligon et al., 2006).
This was also the case for Mal3p where a 10-fold over-
expression of N-terminal GFP-tagged Mal3p produced
a faint labeling along the entire microtubule lattices (Busch
and Brunner, 2004). Detection of endogenous Mal3p
using immunofluorescence techniques in fixed cells also
produced some patchy signal along the microtubule lat-
tices. However, the signal was too faint and bleaching
was too fast for it to be imaged with much detail. To test
whether Mal3p expressed at endogenous levels also
binds along the microtubule lattice in living cells, we intro-
duced the GFP coding sequence at the 30 end of themal3
gene locus (Ba¨hler et al., 1998). The resulting chimeric
protein produced a mutant phenotype with short microtu-
bules. We subsequently modified the method such that
the resulting protein fusion had a 22 residue linker
sequence between Mal3p and GFP (named Mal3pLGFP).
Morphology and microtubules of cells expressing this
construct were of wild-type appearance. As expected
Mal3pLGFP strongly accumulated in dots/comets at the
distal microtubule plus ends. In addition a faint, fast-
bleaching GFP signal was present along the entire micro-
tubule lattices (Figure 1A). This shows that at endogenous
expression levels Mal3p also interacts with microtubules
in two places: with a higher concentration it binds growing
plus ends, and with a lower concentration it binds to
the lattice.
To further describe the Mal3p/microtubule interaction
we produced recombinant full-length Mal3p. Analytical
ultracentrifugation showed that the protein was present
in a dimeric form (data not shown), which is also the
proposed functional unit for the mammalian homologs
(Hayashi and Ikura, 2003; Honnappa et al., 2005). To
test the binding capacity of recombinant Mal3p, we
used a standard copelleting assay. We kept Mal3pnc.
constant at 2.5 mM and increased tubulin gradually from
0.3 mM to 18 mM. An increasing fraction of Mal3p copreci-
pitated with microtubules as the tubulin concentration in
the preparation was increased. Finally at a concentration
of 18 mM tubulin we reached a plateau (Figure 1C). Ac-
cordingly we needed about nine timesmore tubulin before
all Mal3p could be adsorbed by tubulin. To gain insight
into the effects of Mal3p on the kinetics of microtubule
polymerization, we performed standard turbidity experi-
ments (Gaskin et al., 1974), recording the absorption at
Figure 1. Mal3p Interactions with Microtubules In Vivo and
In Vitro
(A) Confocal images of S. pombe expressing endogenous levels of
Mal3p tagged at its carboxyl terminus with GFP via a 22 residue linker.
Mal3pLGFP highlights the bundles of dynamic microtubules by asso-
ciating with the entire set of microtubule lattices. In addition the protein
accumulates at distal microtubule plus ends and at plus ends growing
along the microtubule bundles.
(B) Schematic model of microtubule arrangements inS. pombe. Micro-
tubules align in antiparallel bundles with their minus ends overlapping
around the nucleus, while the growing plus ends (arrowheads) point to
cell tips.
(C) Copelleting assay of Mal3p and tubulin. In all preparations Mal3p
concentration was kept at 2.5 mM. In the absence of tubulin Mal3p
was found in the supernatant only. With increasing tubulin concentra-
tion more and more Mal3p was found in the pellet. However, only with
approximately nine times more tubulin than Mal3p could saturation be
reached, demonstrating that there are far fewer Mal3p-binding sites
than tubulin dimers.
(D) Turbidity caused by tubulin polymerization (22 mM/37C) under
increasingMal3p concentrationsmeasured at l = 350 nm as a function
of time. Compared to the control in the absence of Mal3p, increasing
concentrations of Mal3p raised the equilibrium between polymerized
and free tubulin toward microtubules. In addition, while the control
reached a clear plateau, in the presence of Mal3p microtubule forma-
tion appeared to grow slowly for a longer time, indicating that Mal3p
kept microtubules from shrinking.Cell 1350 nm of newly polymerizing microtubules in solution
over time with and without Mal3p. The presence of
Mal3p strongly increased the polymerization rate and
also the total amount of polymerized tubulin. Both effects
were dosage dependent, meaning that with increasing
Mal3p concentration, polymerization rate and total poly-
merized tubulin also increased. Interestingly, in the ab-
sence of Mal3p tubulin, polymerization reached a short
plateau after 15 min and then decreased very slowly
again (Figure 1D). In the presence of Mal3p, however,
the plateaus were reached much faster (3–4 min), and,
as the Mal3p concentration increased, the amount of po-
lymerized tubulin increased as well (Figure 1D). In addi-
tion, at the end of the rapid polymerization phases the
plateaus didn’t entirely level out, and polymerization
slowly progressed for quite some time thereafter. This
shows that Mal3p promotes growth of microtubules poly-
merizing from pure tubulin in vitro, which is similar to its
behavior in vivo.
Mal3p Binds Preferentially into the Groove between
Two Defined Protofilaments
In the initial phase of this project we used cryo-EM in an
attempt to elucidate the binding geometry of Mal3p
dimers to the microtubule surface. To this end, samples
were embedded in vitrified ice, and helical 3D image anal-
ysis (technique described in Beuron and Hoenger, 2001)
was performed. However, it quickly became clear that
Mal3p did not reveal stoichiometric packing on the micro-
tubule surface (as observed, e.g., with kinesin motor
domains; see Hoenger et al., 2000a), and therefore it
was not possible to directly map the Mal3p microtubule-
binding site. Therefore, we switched to high-resolution,
unidirectional surface metal shadowing, as this method
solely images the outer surface of macromolecular as-
semblies, while internal densities are neglected due to
the strong contrast produced by the metal layer (Smith
and Kistler, 1977). This method is also a cryo method in
the sense that samples are quick frozen under physiolog-
ical buffer conditions, but the embedding ice is subse-
quently sublimated away, and the freeze-dried surface is
coated with a fine layer of tantalum/tungsten at an eleva-
tion angle of 45. We have previously successfully applied
this method to visualize the surface topography of micro-
tubules decorated with various kinesin motor domains
(Hoenger et al., 2000b) and with MAPs such as Tau
(Santarella et al., 2004). High-resolution shadowing of
microtubules copolymerized with Mal3p revealed that
Mal3p particles were present on the microtubule lattice
although only at very specific locations that made them
invisible for cryo-EM 3D analysis. These particles repro-
ducibly formed one single line parallel to the long microtu-
bule axis (Figures 2B–2E). Only a few isolated Mal3p par-
ticles could be found on other parts of the microtubule
(Figure 2H). The protein particles were always situated in
the groove in between two adjacent protofilaments,
mostly with 8 nm intervals but also with 16 nm and 24
nm intervals (Figures 2D and 2E) between them. The27, 1415–1424, December 29, 2006 ª2006 Elsevier Inc. 1417
Figure 2. High-Resolution, Unidirec-
tional Surface Metal Shadowing of
Microtubules Complexed with Mal3p
Unidirectional tantalum/tungsten shadowing
allowed us to observe Mal3p molecules on
the surface of microtubules without any com-
putational image averaging or other signal-
enhancing methods. (A) A plain microtubule
with the typical ram-horn-shaped tubulin oligo-
mers that originate from microtubule depoly-
merization. (B) and (F) show microtubules
copolymerized with Mal3p (circled arrows de-
lineate the shadowing direction). The boxed
areas are shown magnified in (D) and (E) and
in (G) and (H), respectively. The yellow lines in
(C)–(H) mark the outer rim of protofilaments,
and the red dots highlight clearly recognizable
Mal3p particles (viewing the figure from a flat
angle parallel to the long axis of themicrotubule
facilitates the identification of Mal3p). These
locate normally right into one single groove
between two protofilaments, while the rest of
the surface remains free of Mal3p. The row of
aligned Mal3p particles occasionally has gaps
but often finds its way back to the same
groove. Imperfections within in vitro-polymer-
ized microtubules are not uncommon; there-
fore, the lattice seam may change position
occasionally. The red oval in (G) marks an
area where protofilaments may split apart but
are still held together by Mal3p molecules. (C)
shows a 3D model integrating the results of
Figure 2 (circled arrows delineate the shadow-
ing direction).Mal3p alignments occasionally jumpedover to a neighbor-
ing groove (Figures 2F–2H) but typically filled only one sin-
gle groove at any given position along the tube.
The only feature on a microtubule surface that runs
axially and that is structurally different from the rest of
the microtubule surface is the microtubule lattice seam
(Kikkawa et al., 1994; Sosa andMilligan, 1996). This lattice
seam (see Figure 3D) interrupts the predominant so-called
B-lattice pattern (lateral a-a and b-b interactions) with an
A-lattice interaction (lateral a-b interactions; Amos and
Klug, 1974). Our findings suggest that Mal3p binds to
this microtubule lattice seam in a configuration that recog-
nizes a specific binding pocket that is only formed
between two adjacent protofilaments interacting with A-
lattice contacts. In vivo microtubules are most commonly
composed of 13 protofilaments, and these arrangements
form at least one seam. However, at least in vitro, multiple
seams may occur as well (mixed lattice; Chre´tien and
Wade, 1991; Dias and Milligan, 1999; Kikkawa et al.,
1994). Occasionally, we observed a microtubule with
two adjacent rows of Mal3p densities, which could reflect
the presence of two neighboring seams (Figures 3A and
3B). On plain, shadowed microtubules the structural
similarity between a- and b-tubulin makes it impossible1418 Cell 127, 1415–1424, December 29, 2006 ª2006 Elsevier Ito distinguish A- from B-lattices (Figures 2A and 3F). The
B-lattice becomes visible under conditions where micro-
tubules are fully decorated with molecular motors
(Figure 3G, blue line), which enhances the positions of
ab-tubulin dimers. However, the presence of Mal3p in
neighboring grooves now allowed us to indirectly measure
the lateral stagger between three adjacent protofilaments
that form Mal3p-binding sites. The lateral stagger of the
Mal3p densities in the neighboring rows was exactly
according to that of an A-lattice configuration (Figures
3C, 3E, and 3H). For a normal B-lattice interaction the
lateral stagger along the left-handed helical path forming
the lattice would be approximately 0.92 nm, whereas in
the presence of a seam (A-lattice) it should be approxi-
mately 4.2 nm in the same direction or 3.2 nm with
a right-handed twist (Amos and Klug, 1974). This confirms
the preferential binding of Mal3p to microtubule seams.
Mal3p Stabilizes the Lattice Seam
of Taxol-Stabilized Microtubules
Wehave used high-resolution unidirectional surface shad-
owing in the past to visualize the binding of recombinant
motor domains of kinesins such as neurospora kinesin
355 (nK355) (Song et al., 2001). If microtubules werenc.
Figure 3. Mal3p Recognizes theMicrotu-
bule Lattice Seam
(A) Occasionally microtubules can be found
where Mal3p aligns in two adjacent rows.
(B) Same image as (A) but Mal3p particles are
marked with red dots. These expose themicro-
tubule lattice geometry (yellow lines), showing
that Mal3p binds along an A-lattice interaction
and clearly revealing the presence of a lattice
seam.
(C) A cartoon of the Mal3p binding in (A).
(D), (E), and (H) are models of the microtubule
seam, and (E) and (H) are models of the
Mal3p/seam distribution that must occur on
the microtubule shown in (A). Most likely
there are two adjacent seams as modeled in
(E) (folded tube) and (H) (spread-out sheet). A
13 protofilament microtubule would have to
compensate such a double seam with
a third seam, which here is placed arbi-
trarily in the back of the tube (red arrows).
Multiple seams in microtubules are rare but
do occur (mixed lattices; Chre´tien and Wade,
1991; Dias and Milligan, 1999; Kikkawa et al.,
1994).
(F) A microtubule surface decorated with a few kinesin motor head domains for comparison. These are randomly distributed over the entire surface.
(G) Shows a microtubule decorated stoichiometrically with kinesin motor head domains that serve as ‘‘lattice geometry enhancers’’ and reveal the
microtubule B-lattice geometry (blue line in all panels) as the predominant lateral protofilament interaction in microtubules (Song and Mandelkow,
1993). Without the use of such a lattice geometry enhancer, the lateral tubulin dimer arrangement is invisible at this resolution due to the strong
structural similarities between a- and b-tubulin.stoichiometrically decorated with these motor domains,
their selective binding to the b-tubulin subunit arranged
them in a pattern that perfectly revealed the protofila-
ments’ B-lattice interaction. Interestingly, in such prepara-
tions A-lattice interactions and, thus, seams were never
observed. It was thought that during dehydration the mi-
crotubules collapsed and flattened, as this process would
produce considerable tension on the lateral interactions
between protofilaments. Because the lateral forces
between the two protofilaments forming the seam are
thought to be considerably lower than between protofila-
ments with an A-lattice configuration, it was argued that
seams that were exposed on the upper surface of the
tubes would break open during microtubule flattening.
This notion was supported by the presence in all these
preparations of large fractions of tubulin sheets that never
showed seams (Figure 4A). In contrast, our experiments
showing a single row of Mal3p on the outer surface of in-
tact tubes suggested that in the presence of Mal3p lattice
seams should also be present on those surfaces. To test
this we combined the two experiments usingmicrotubules
copolymerizedwithMal3p, andwe stoichiometrically dec-
orated them with nK355. In many cases the predominant
B-lattice arrangement of nK355 was now clearly interrup-
ted by an A-lattice interaction, revealing a seam (Figures
4B and 4C). This observation not only provides further
evidence for Mal3p seam binding but also strongly sug-
gests that Mal3p is stabilizing microtubules by enforcing
the lateral protofilament interactions of microtubule lattice
seams.Cell 1Mal3p Stabilizes the Lattice Seam of GMPCPP
Microtubules
The current model on how microtubules grow is that at
their growing plus ends they form sheet structures that
eventually close into a tube, thereby forming the seam.
The formation of sheets prior to tube closure is particularly
pronounced in the presence of the nonhydrolyzable GTP
analog GMPCPP (Muller-Reichert et al., 1998; Wang
et al., 2005; reviewed in Nogales and Wang, 2006). In ad-
dition, GMPCPP allows us to work at a very low tubulin
concentration (2.2 mM final tubulin concentration) without
inducing depolymerization. We have used this system to
further test the effect of Mal3p on tubulin sheet mainte-
nance and/or closure. Using the negative stain method
one can easily discriminate closed-tube and open-sheet
configurations and visualize the transition points (Fig-
ure 5A). This allowed us to measure the length of tube
and sheet structures in a given preparation and to com-
pare the respective percentage between control ex-
periments with 2.2 mM tubulin and experiments where
the same amount of tubulin was supplemented with in-
creasing amounts of Mal3p. In the control experiments
we observed 32% tube structures versus 68% sheet
structures. Already substoichiometric amounts of Mal3p
(0.25 mMMal3p/2.2 mM tubulin) increased the percentage
of tubes to approximately 68% (Figure 5B). Further in-
creasing Mal3p concentration also increased the amount
of closed tubes to almost 90% at an equimolar ratio
(2.5 mM Mal3p). Mal3p therefore promotes closed-tube
formation for dynamic microtubules as well.27, 1415–1424, December 29, 2006 ª2006 Elsevier Inc. 1419
Figure 4. Microtubule Lattice Seams are
Stabilized by Mal3p
(A) Tubulin sheets decorated with monomeric
kinesin motor domains strongly enhance the
axial 8 nm ab-tubulin dimer repeat of the outer
surface (red lines in inset and B). Three individ-
ual sheets are associated laterally with the two
flanking sheets exposing the microtubule’s
outer face, while the center sheet exposes the
inner face that remains free of motor domains
(upper left part). In the lower right part the entire
triplet has folded over and now exposes the
other corresponding surfaces. Since motors
do not decorate the inner microtubule surface,
the predominant pattern on inner surfaces is
the axial 4 nm a-b-a-bmonomer repeat (yellow
lines in inset). Typically under the experimental
conditions applied here lattice seams cannot
be found, suggesting that these sheets break
apart along the seams.
(B and C) Codecoration of Mal3p and kinesin
motor heads reveals a large fraction of flat-
tened intact tubes that exhibit a lattice seam,
indicating that in the presence of Mal3p seams
are no longer the weakest lateral connection,
and flattening tubes do not necessarily fold
along seams any more. Scale bars-50 nm.Geometry of Interaction of Dimeric Mal3p with
Microtubule Lattice Seams
The Mal3p binding sites along a seam repeat at intervals
of minimally 8 nm, which corresponds to the length of an
ab-tubulin dimer (Figure 2). High-resolution surface shad-
owing does not reveal very accurate values for the volume
of a particle protruding from a surface. However, judging
by their size and shape, the particles observed on micro-
tubule surfaces in Figures 2 and 3 appear to represent
a single CH domain rather than an entire dimer. We com-
bined the crystal structures from the human Mal3p homo-
log EB1 CH domain (Hayashi and Ikura, 2003) and the
C-terminal a-helical dimerization domain (Honnappa
et al., 2005), and we modeled possible binding configura-
tions, taking into account the long and flexible neck linker
between the CH domains and the dimerization motive
(Figure 6A). Hence, a full dimeric construct should occupy
two binding sites. These two binding sites may not neces-
sarily be next to each other because the flexible linker
between the CH domains and the C-terminal coiled-coil
region is composed of a rather unstructured 50 residue
polypeptide that may presumably reach between two
binding sites that are separated by considerably more
than 8 nm (Figure 6B).
DISCUSSION
Here we could demonstrate for the first time that a micro-
tubule-binding protein specifically recognizes the micro-
tubule lattice seam and that this interaction stabilizes the
putatively weakest part of the microtubule lattice. Using
unidirectional surface shadowing we found that Mal3p,
a member of the highly conserved EB1 protein family,1420 Cell 127, 1415–1424, December 29, 2006 ª2006 Elsevier Ibinds to themicrotubule along a single line and in between
two protofilaments most often at 8 nm intervals but also at
16 nm or 24 nm intervals. The occasional occurrence of
a double seam on in vitro-polymerized microtubules
allowed us to demonstrate that these lines of Mal3p do
indeed outline a lattice seam because the lattice geometry
between Mal3p particles on adjacent lines matched the
conditions expected if a double seam were present. The
preferential binding of Mal3p to lattice seams is further
supported by the finding that in the presence of Mal3p
the lattice seams become stabilized. This can be indirectly
visualized by b-tubulin subunits decorated with kinesin
motor heads that reveal the underlying lattice interactions.
In absence of Mal3p the seam is not visible, presumably
because it is too weak to withstand the sheering forces
created during preparation that flatten the microtubules.
In the presence of Mal3p, however, the seam is main-
tained and becomes visible as a typical shift in the other-
wise regular arrangement of motor heads (see Figure 4).
Reinforcement of the microtubule lattice seam by Mal3p
is further supported by the fact that approximately twice
as many in vitro-polymerized microtubules stay intact in
the presence of Mal3p rather than opening up into a sheet
as they do in about 70% of cases in the protein’s absence
(Figure 5).We have performedwestern blots with a dilution
series of extract from a defined cell number and a dilution
series with defined amounts of purified Mal3p and tubulin,
respectively, to get a measure of the amount of protein
in cells. We find that there is in the order of 200 times
more a-tubulin thanMal3p molecules in the cell. However,
this is a bulk experiment with a very large error margin
and may not reflect the actual stoichiometry at the tip of
microtubules.nc.
Mal3p is known to promote microtubule growth in vivo
by promoting microtubule nucleation and maintaining
the growing state of themicrotubules (Busch and Brunner,
2004). Because Mal3p, like its homologs in other organ-
isms, accumulates at the plus ends of growing microtu-
bules, it was assumed that it controls microtubule dynam-
ics at this location. Our results bring up an intriguing
alternative and suggest that Mal3p may stabilize microtu-
bules by reinforcing the lateral interaction of the two seam
protofilaments, thereby ‘‘clamping’’ the seam together.
Obviously this function does not rule out an additional
stabilizing role of Mal3p at the growing plus ends. With
its long neck linker (Figure 6), Mal3p may even connect
over laterally splaying protofilaments at the ends of micro-
tubules and hold them together (see Arnal et al., 2004).
The way in which Mal3p interacts with microtubules
adds a new perspective to the discussion concern-
ing the microtubule lattice seam. From an evolutionary
viewpoint it almost looks like Mal3p made use of a
structural peculiarity that on first glance appears to be
an imperfection in themicrotubule lattice. The appearance
of a seam is enforced by the fact that the microtubule
building block is a heterodimer. Since prokaryotes only
possess a monomeric tubulin analog (FtsZ) that assem-
Figure 5. Mal3p Forces Microtubule Sheets to a Closed-Tube
Conformation
(A) Negative stain electron microscope image of a microtubule poly-
merized in the presence of GMPCPP. These conditions favor the
formation of open tubulin sheets.
(B) Graph summarizing measurements of negative staining images. In
all preparations the final microtubule concentration was 2.2 mM. The
percent of tubes and sheets per the total microtubule length were plot-
ted against rising Mal3p concentration. Every mark represents an indi-
vidual experiment. The control without Mal3p was repeated five times.
In the absence of Mal3p the sheet to microtubule ratio was about 2:1.
With increasing Mal3p concentration sheets progressively closed into
tubes. At 2.0 mM Mal3p, only 12% sheets are left.Cell 1bles into filaments rather than tubes (Oliva et al., 2004), it
looks as if the dimeric tubulin occurred later in evolution.
In any case, the dimeric building block was obviously
not lost to fitness pressure, nor did nature rely on seam-
less microtubules (i.e., 15 protofilament microtubules).
Instead, nature chose to use mostly 13 protofilament mi-
crotubules, possibly because they show no supertwist.
Seamless (helical) microtubules do exist in certain cell
types (e.g., sperm cells; Afzelius et al., 1990), but they
are rare. Therefore, the seam may indeed play a more im-
portant role than just matching up the lattice of a tube in an
imperfect way. Stabilization along the seam appears to be
very economical and leaves ample room on the microtu-
bule surface for other factors such as kinesins to operate.
It is therefore conceivable that the seam is used as a
platform for the direct regulation of microtubule stability
through site-specific interactions with molecules such
as Mal3p.
Our experiments were designed to address the ques-
tion of how Mal3p binds to tubulin with the intention of
gaining a better understanding of what happens at grow-
ing microtubule plus ends where most of the Mal3p
protein accumulates. Our findings are not easily translat-
able to the current models of plus end growth; however,
very little is known about the actual structure of the micro-
tubule plus end in vivo because our contemporary imaging
methods do not yet produce the resolution needed. It is
possible that more Mal3p binds to microtubule plus
ends because the properties of Mal3p plus end binding
are different from those of microtubule lattice binding.
However, this may not need to be the case. We have
shown that on tubulin subunits Mal3p preferentially binds
specific sites that only form at the lattice seam. It is con-
ceivable that more of these sites are exposed at growing
plus ends if the protofilaments are not yet laterally at-
tached. This could give an additional twist to the idea
that growing plus ends form sheet structures, as was pre-
viously proposed based on cryo-EM studies (Chre´tien
et al., 1995). These sheet structures may contain loose
protofilaments that are laterally connected by Mal3p. In-
triguingly, however, microtubule plus ends appeared
mostly flared in more recent EM tomography studies,
which supports the idea of unattached protofilaments
(Austin et al., 2005). Both mechanisms would raise the
intriguing possibility that Mal3p not only clamps the
seambut also promotes growth by controlling the ‘‘zipper-
ing’’ of protofilaments at growing microtubule plus ends.
Mal3p interacts with microtubules in a very different
way than molecular motors or nonmotor MAPs such as
Tau interact with microtubules. These decorate the entire
microtubule surface (Hoenger et al., 2000b; Santarella
et al., 2004) and, when overproduced, may stall microtu-
bule-based transport (Ebneth et al., 1998; Seitz et al.,
2002). Mal3p, in contrast, leaves most of the microtubule
surface free, which leaves ample room for other microtu-
bule-binding factors. As demonstrated in Figure 1C, in
copelleting assays, saturating conditions are reached at
a tubulin to Mal3p ratio of around 9:1, which agrees well27, 1415–1424, December 29, 2006 ª2006 Elsevier Inc. 1421
Figure 6. Model of Mal3p Binding along the Microtubule Lattice Seam
(A) According to their size the individual dots found on our shadowed images must represent single CH domains. Accordingly, one dimer can occupy
two different binding sites on the microtubule surface. Its preference for the microtubule lattice seam suggests that the CH domain, through its highly
basic region, contacts two adjacent protofilaments in a way that creates a better binding environment in a seam than in a B-lattice interaction. As
indicated, Mal3p binding repeats every 8 nm along a groove between protofilaments, but we cannot say if the position shown is correct or shifted
by 4 nm. One has to note that the CH domain and the C-terminal domain of Mal3p are connected by about 50 AAs that presumably form a rather
flexible linker. Crystal structures were obtained from the human Mal3p homolog, EB1 (CH domain; Hayashi and Ikura, 2003; C-terminal domain;
Honnappa et al., 2005).
(B) 3Dmodel ofMal3p binding to themicrotubule lattice seam.Mal3p could occupy two adjacent binding sites, but because of the flexible linker it may
also span larger distances.with our observation thatMal3p predominantly recognizes
the microtubule lattice seam. Our findings further suggest
that microtubules exhibit two distinct reaction platforms
that may interact with MAPs or motors and with target
structures such as kinetochores or growing cell ends.
Consistent with this view, Mal3p was shown to recruit
the Tea2p kinesin onto microtubules, thereby activating
its motor activity (Browning et al., 2003). This would obvi-
ously happen specifically along the seam and thus leave
the remaining protofilament ‘‘tracks’’ free for other kine-
sins. Tea2p, which transports the CLIP-170 homolog
Tip1p to growing microtubule plus ends, belongs to the
class of kinesins with a central motor domain (Busch
et al., 2004). Intriguingly, another member of this class,
Klp10A, is also recruited tomicrotubules by EB1 (Mennella
et al., 2005). Unlike Tea2p, Klp10A has evolved to induce
microtubule catastrophic decay, and it is tempting
to speculate that this happens by interference with EB1
function.
Because human EB1 can substitute for Mal3p function
in vivo, it is likely that the function we propose for Mal3p
is conserved, which now needs to be shown. In contrast
to fission yeast, higher eukaryotes possess multiple EB1
homologs. It is interesting to note that one of the three
mammalian EB1 protein family members, EB2/RP1, pref-
erentially binds themicrotubule lattice of the mostly stable1422 Cell 127, 1415–1424, December 29, 2006 ª2006 Elsevier Imicrotubules in photoreceptor axonemes. The protein is
required for microtubule stabilization, and mutations in
this protein are a common cause of retinitis pigmentosa,
a neurodegenerative disease (Liu et al., 2004). This sug-
gests that there exist EB1 protein variants that have
specialized for some of the Mal3p functions and empha-
sizes the central importance of this class of proteins as
regulators of microtubule dynamics.
EXPERIMENTAL PROCEDURES
Strain Construction
The homologous-recombination-based method described in Ba¨hler
et al. (1998) was used to construct Mal3pLGFP by inserting the
GFP sequence at the 30end of the endogenous mal3 locus using
primers: CGTTCCCTCTGCACCAGATTTCGTACATGCTAGGCTACAA
AGTTTAGAGGTTGATGACGATGAGAATATCACGTTTatccttggagctcc
ttcagg and GTATACAGAATGCTATATGTTAAGGAAAAAGAACGAAA
TTAAATGAATTTGGAGGTCATGAGGCACGCAACATTCGATCAgaattc
gagctcgtttaaac, where capital letters denote mal3-specific sequence.
GFP was PCR amplified from a modified plasmid, pFA6A-GFP(S65T)-
kanMX6 (B. Hu¨lsmann and D.B., unpublished data), including a linker
sequence at its 50 end coding for ILGAPSGGGATAGAGGAGGPAGLI.
Light Microscopy
Single focal planes were recorded with a 1003 NA 1.4 objective on
a Zeiss Axiovert 200 M fluorescence microscope using MetaMorph
software and a CoolSNAP HQ camera (232 binning).nc.
Protein Purification
Mal3p
The full-length mal3 ORF was cloned into pETM11. The resulting
recombinant Mal3p with N-terminal His6-Tag was expressed in
Escherichia coli (BL21; induction with 0.4 mM IPTG at 32C for 5 hr).
The initial protein purification step was performed with TALON Affinity
Resin (BD Biosciences, Clontech, Palo Alto, CA) according to proto-
cols from BD Biosciences. The His6-Tag was cleaved from Mal3p
through TEV digestion and additionally removed with TALON. The final
purification step was gel filtration on a column, HiLoad Superdex 200
from Amersham Biosciences, equilibrated in 80 mM PIPES (pH 6.8),
1 mM MgCl2, 1 mM EGTA, and 100 mM NaCl. Directly before usage
Mal3p samples were centrifuged to eliminate aggregates. Mal3p
concentration was estimated by absorbance (280 nm) and by Bradford
assays (7 mg/ml). Purity of the sample was controlled by SDS-PAGE.
Gel filtration and analytical ultracentrifugation confirmed that under
the conditions usedMal3p forms dimeric complexes. nK355 construct
(a gift from Y.H. Song and E. Mandelkow) was expressed in E. coli and
purified according to Song et al. (2001).
Microtubule Polymerization
Tubulin was purchased from Cytoskeleton Inc. (Denver, CO). Lengths
of tubulin (4.5–22 mM) were polymerized to microtubules in BRB80
buffer, including 2 mM GTP (or alternatively 1 mM GMPCPP), 4 mM
MgCl2, and 5% DMSO. Copolymerization experiments were per-
formed by mixing tubulin and Mal3p at different ratios in the polymer-
ization buffer. Polymerization was initiated by raising the temperature
to 37C.
Copelleting Assay
Prepolymerized and Taxol-stabilized microtubules were mixed with
2.5 mM recombinant Mal3p to 20 ml in BRB80, incubated 10 min at
room temperature, and centrifuged in a TLA100 rotor with an Optima
TLX ultracentrifuge from Beckman. Directly after centrifugation super-
natant was separated from pellet and the pelleted fraction was resus-
pended in 20 ml BRB80. All samples were boiled 5 min in Laemmli
buffer and separated by SDS-PAGE. The intensity of the staining is
proportional to protein concentration.
Turbidity Measurement
Microtubule polymerization is proportional to the differential absorp-
tion measured at the 350 nm wavelength (Gaskin et al., 1974). We
incubated 100 ml of 22 mM tubulin for 10 min in nonstabilizing polymer-
ization buffer with or without Mal3p (2.5–10 mM). Turbidity was mea-
sured and recorded every third second with a UV-1700 spectropho-
tometer with a TCC-240A temperature control unit from Shimadzu.
Directly after adding the reaction mix to the cuvette, the temperature
control unit was adjusted to 37C to induce polymerization.
In Vivo Measurement of Mal3p and Tubulin Concentrations
A dilution series of extracts from an exponentially growing wild-type
cell culture and, for reference, a dilution series of defined amounts of
recombinant Mal3p and tubulin were blotted with monoclonal anti-
Mal3p and a-tubulin antibody. Signal intensity comparison allowed
us to estimate the amount of each of the two proteins in the extract,
which allowed us to define the approximate ratio of 160:1 tubulin to
Mal3p in the extract.
Freeze-Drying and Unidirectional Shadowing for EM
Microtubules, copolymerized with Mal3p in the presence of Taxol,
were diluted to a tubulin concentration of 2.2 mM immediately followed
by absorption to glow-discharged carbon-coated grids. The grids
were then frozen in liquid nitrogen and transferred into a shadowing
unit (MIDILAB; Gross et al., 1990) that was directly connected to
a CM12 microscope. There the samples were freeze-dried for 1.5 hr
at 80C and unidirectionally shadowed with tantalum/tungsten at
an elevation angle of 45. Then samples were transferred directly toCell 1the specimen stage under vacuum and cryo conditions onto a Gatan
cryoholder. Micrographs were recorded at 35,0003 magnification
with a Gatan 794 MultiScan CCD camera, revealing a pixel size of
0.53 nm on the object.
Negative Staining for EM
Microtubules (22 mM) and various concentrations of Mal3p were poly-
merized for 15 min. After dilution to a final concentration of 2.2 mM,
tubes were absorbed for 1 min onto Formvar/carbon-coated grids,
blotted, washed twice in BRB80, and subsequently stained in 1.5%
uranyl acetate for 20 s. Images were recorded on a FEI Morgagni
268D electron microscope at 44,0003 magnification using a Mega-
View III CCD camera that resulted in a pixel size of 0.75 nm. Analyses
and measurements of 50 images per preparation were preformed with
ImageJ. The total measured microtubule lengths for each preparation
were between 117 and 277 mm. The individual microtubule length
varies broadly and is independent of Mal3p under these conditions.
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